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Alpha interferon treatment of CHO cells elicits the rapid synthesis of many gene products, including
metallothionein (MT), a protein which avidly binds heavy metals such as zinc, cadmium, and copper. Since
MTs appear to have a pleiotropic role in the cell, ranging from metal detoxification to free-radical scavenging,
interferon treatment may trigger a generalized defense mechanism. Activation by interferon, however, was
transient, with MT mRNA being maximally detectable by a cytodot procedure within the first hour.
Subsequent addition of interferon was ineffective until 7 h after the initial treatment. The action of zinc, a
potent inducer of MT, however, remained independent of alpha interferon induction. The transient nature of
induction by interferon was examined for altered rate of MT mRNA turnover.

Physiological responses to interferon exposure, such as
establishment of an antiviral state and inhibition of cell
growth, correlate with the induction of at least 12 proteins (7,
22, 34). These interferon-mediated events require new
mRNA synthesis (6, 29, 31). Although the mechanism of
transcriptional regulation by interferon is not well under-
stood, it is clear that the response to interferon is rapid; at
least three genes achieve maximum transcription rates
within 2 h of exposure (12, 21). In human fibroblasts, the
induction of IND-1 and IND-2 genes by interferon is fol-
lowed by a significant decline in the transcription rate of IND
genes and accompanied by an inability of further interferon
exposure to reinduce transcription (21). This negative regu-
latory event, termed desensitization, apparently requires the
synthesis of highly labile proteins.

Cadmium resistant (Cd") CHO cell lines which have am-
plified metallothionein (MT) genes have provided a sensitive
system to examine MT gene-inductive processes (15, 16).
Since MT genes have been shown to be activated during
inflammatory and acute-phase reactions (18), the possibility
that alpha interferon would transcriptionally activate MT
genes in Cd" CHO cells was investigated. In this communi-
cation, we present evidence that human alpha interferon
rapidly induces the coordinate accumulation of both MT I
and MT II mRNA in Cd" CHO mutant cells which have
amplified MT genes (8). The accumulation is transient;
maximal MT mRNA concentrations were detected 1 h after
exposure. Subsequent interferon treatments 7 h after the
initial exposure reinduced MT mRNA accumulation to max-
imal levels. We also demonstrate that interferon pretreat-
ment did not affect the transcriptional response of these cells
to zinc, an extremely effective inducer of MT genes. Con-
current interferon and zinc treatments yielded an additive
accumulation of MT mRNA, which suggests that these MT
gene inducers activate transcription by different mecha-
nisms.

MATERIALS AND METHODS

Materials. The Cd" CHO cell line 458-3 was ,cggted by
ethylmethane sulfate mutagenesis of wild-type CHO cells,
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followed by stepwise selection on increasing concentrations
of cadmium (8). The cells were routinely grown on alpha
minimal essential medium with 5% fetal calf serum.

Lyophilized human alpha interferon was purchased from
Sigma Chemical Co. and reconstituted as suggested by the
manufacturer. Plasmids containing MT (15) and alpha-
tubulin (9) cDNA were kindly provided by the Los Alamos
Genetics Group and Don Cleveland, respectively.

Cytodot assay for quantitating RNA accumulation. The
cytodot protocol used was developed by White and Bancroft
(35). Briefly, the cytodot procedure involves treatment of
induced cells with 5% Nonidet P-40, separation of cytoplas-
mic extracts from nuclei, and denaturation of cytoplasmic
RNA with formaldehyde at 60°C. In most experiments,
equivalent samples of cytoplasmic extract were spotted on
three filters. One filter was hybridized with a single-stranded
primer-extended MT-II probe, another was hybridized to a
single-stranded primer-extended MT-I probe, and a control
filter was treated with a nick-translated human alpha-tubulin
probe. The filters were prehybridized for 12 to 24 h at 65°C
in a solution containing 5xX SSPE (1x SSPE is 0.15 M NacCl,
10 mM NaH,PO,, pH 7.7, and 1 mM EDTA), 5x Denhardt
solution, 0.1% sodium dodecyl sulfate (SDS), and 100 pg of
salmon sperm DN A per ml and hybridized for 48 h at 65°C in
an identical solution with 8 X 10° cpm of MT probe.
Subsequently, these filters were washed at 25°C in 2x SSC
(1x SSC is 0.15 M NaCl plus 0.015 M sodium citrate)-0.1%
SDS for 30 min and then at 65°C in 0.1x SSC-0.1% SDS for
1 h. The MT-I- and MT-II-probed filters were washed for an
additional 2 h at very high stringency (0.01x SSC-0.1%
SDS, 65°C), which prohibits cross-hybridization.

To quantitate RNA dots, the dots were localized by
autoradiography, placed in scintillation fluid, and counted.
Because of the greater length of the MT-I insert and its
slightly different base composition, the specific activity of
primer-extended MT-I probes was 1.5-fold higher than that
of MT-II probes. The molar ratio of MT-II- to MT-I-
hybridizing RNA can be computed by the following formula:
MT-II/MT-I = 1.5 X cpm of MT-II/cpm of MT-I. MT mRNA
levels of three induced samples were quantitated for each
experimental point.

Northern blots of interferon-induced RNA. Cytoplasmic
RNA was isolated from untreated, interferon-induced, and



VoL. 7, 1987

CHO 458

0.3

9000
w

0.1

0.05

FIG. 1. Analysis of MT gene copy number in Cd" 458-3 cells. (A)
High-molecular-weight DNA isolated from wild-type CHO and Cd"
458-3 cells was digested to completion with Hincll, serially diluted,
denatured, and spotted on nitrocellulose. The filter was then hybrid-
ized to an MT-1I probe under standard conditions. DNA concentra-
tions (shown to the right, in micrograms) were determined by A.g
measurements and diphenylamine assays.

zinc-induced Cd" 458-3 cells by the procedure described by
Maniatis et al. (23). The interferon-induced cells were in-
duced for 1 or 3 h with 100 U of interferon per ml. The
zinc-induced cells were exposed to 100 pM zinc for 24 h. Ten
micrograms of RNA was denatured with glyoxal, loaded on
a 1.4% agarose gel, and run at 40 V for 3.5 h in 0.01 M
NaH,PO,4, pH 7.0. The glyoxalated RNA was transferred
immediately after electrophoresis to nitrocellulose. The hy-
bridization protocols were described above.

Preparation of primer-extended single-stranded MT probes.
Cloning of CHO MT c¢DNAs into M13mp9 recombinant
phage has been described elsewhere (26). Primer-extended
probe synthesis is essentially a scaled-up adenine-
sequencing reaction. Briefly, M13 sequencing primer (Be-
thesda Research Laboratories) was annealed to M13-MT
single-stranded template, primer-extended in the presence of
[a-*2P]dATP, chased with 0.5 M dATP, and digested with
Pstl. After ethanol precipitation, the sample was runon a 1%
agarose denaturing gel which had been prepared in 30 mM
NaOH and 10 mM EDTA. The single-stranded labeled MT
insert was visualized by autoradiography and recovered by
electroelution. MT primer-extended probe synthesis yielded
5 % 10° to 10 X 10° cpm of single-stranded insert at about 5
x 107 to 7 x 107 cpm/pg.

Nuclear runoff assay. Nuclear runoff assays were per-
formed as described by Marzluff et al. (24). The labeled
RNAs were hybridized as described above to nitrocellulose
filters containing 10-pg dots of an MT-II cDNA plasmid and
a plasmid with the alpha-tubulin gene. The extent of hybrid-
ization was determined by scintillation counting. Typically,
about 600 to 800 counts/10 min of labeled RNA from induced
cells hybridized to the MT-II plasmid dots. The relative
induced rate of MT mRNA transcription was calculated by
dividing the MT/tubulin transcription ratio after interferon
induction by the MT/tubulin ratio before treatment.

Pulse polarographic quantitation of CHO MT. Pulse
polarography is an electrochemical technique which is useful
for quantitating cysteine-rich proteins such as MT. The pulse
polarographic assay was carried out with a Metrohm 626
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polarograph as described previously (25). The CHO MT
concentrations were estimated from rat MT-I standard
polarographic response curves.

RESULTS

Amplification of MT genes in the cadmium-resistant 458-3
cell line. Previously, we isolated a Cd" CHO cell line, 458-3,
which is 100-fold more resistant than wild-type cells to the
growth-inhibitory and cytotoxic effects of cadmium (8). We
have also shown that this mutant cell line overproduces MT
in response to heavy-metal challenge (P. C. Huang, K.
Danielson, C. Wong, S. Morris, R. Pine, and P. Bohdan,
Fed. Proc. 42:1916, 1983). In the present study, DNA dot
blots were used to estimate the MT gene number in mutant
and wild-type cells. We found that 50 ng of mutant DNA and
3 pg of wild-type DNA bound equivalent amounts of CHO
MT-II probe (Fig. 1). The same dot blots probed with the
CHO MT-I probe also yielded a 60-fold hybridization enrich-
ment for 458-3 DNA (data not shown). These data indicate
that both MT genes are amplified in this Cd" CHO cell line.

Coordinate induction of 458-3 MT genes by zinc. Estimates
of MT mRNA levels in 458-3 cells induced with zinc were
derived from molecular hybridization studies with primer-
extended CHO cDNA probes. Treatment with 100 pM zinc
increased MT RNA concentrations about 20-fold over con-
stitutive levels (Fig. 2). At this zinc concentration, accumu-
lation of MT RNA was maximal at 30 h. Aftéer 30 h, MT RNA
concentrations decreased greatly, reaching only 40% of the
peak values at 40 and 48 h (Fig. 2A and B). To determine
whether both MT mRNA species were being transcribed in
response to zinc treatment, RNA from cells induced for 24 h
was hybridized to either the MT-I or MT-II probe under
highly stringent conditions, which prohibit cross-hybridiz-
ation. Parallel results from dot blots indicated that heavy
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FIG. 2. Induction of MT mRNA in 458-3 cells by zinc. (A) CHO
Cd" 458-3 cells were induced with 100 pM zinc for the indicated
times. Cytoplasmic extracts prepared by the cytodot protocol were
hybridized to an MT-II probe under high-stringency conditions as
described in the text. Each sample contained either 10 or 3 pg of
protein. (B) The 10-pg dots shown in panel A were removed,
dissolved in Beta Fluor, and counted. The scintillation data were
then plotted. (C) Cytoplasmic RNA (concentrations shown to the
right, in micrograms) isolated from 458-3 cells induced with 100 puM
zinc for 24 h was spotted on nitrocellulose saturated with 20x SSC
and hybridized to either an MT-I or MT-II probe under high-
stringency conditions.
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FIG. 3. Effect of interferon concentration on MT mRNA and MT accumulation. (A) CHO Cdr 458-3 cells were induced for 2 h with the
indicated amounts of interferon (IFN). Cytoplasmic extracts were prepared by the cytodot method (35). Portions of cellular extracts
representing 10 ug of protein were spotted on three hitrocellulose filters and hybridized to either MT-I, MT-II, or alpha-tubulin (T) probes
as described in the text. The autoradiograms of MT-I- and MT-II-probed filters were exposed for 24 h, while the alpha-tubulin filters required
3 ta 5 days of exposure. (B) The RNA dots shown in panel A were removed and dissolved in Beta Fluor and their radioactivity was counted
for 10 min. The MT-I (©) and MT-II (®) counts were normalized to equimolar counts as described in the text. Each point represents the
average value for three induced samples. The standard deviations were usually *+5 to 10%. (C) Cells were induced and cytoplasmic extracts
were prepared as described for panel A. Typically, 25 ul of extract was assayed by pulse polarography. The polarographic response units are

micrograms of MT per milligram of total protein in the extracts.

metals activated transcription of both MT genes (Fig. 2C);
the MT-II/MT-I mRNA ratio after induction was 2.5.

Concentration dependence of interferon induction. Cd"
CHO cells were exposed for 2 h to increasing concentrations
of interferon. MT mRNA accumulation was then quantitated
by the cytodot protocol (35). Interferon induced both the
MT-I and MT-II genes in these cells (Fig. 3A and B). The
inductive response was dose dependent; 100 U of interferon
per ml yielded maximal MT mRNA accumulation. At this
interferon conentration, the levels of MT-II and MT-I
mRNA were elevated about three- to four-fold over consti-
tutive levels. The ratio of MT-II to MT-I mRNA at 100 U of
interferon per ml was about 1.5.

As a control, equivalent amounts of RNA from the con-
centration-course extracts were spotted and hybridized to an
alpha-tubulin probe. Equal amounts of alpha-tubulin probe
bound to each of the RNA dots (Fig. 3A). This result
suggests that alpha-tubulin was not induced by interferon in
this system and that identical RNA concentrations were
spotted. Therefore, the mieasured differences in MT mRNA
resulted from the ability of these cells to respond to inter-
feron induction.

Increases in the intracellular MT protein concentrations
resulting from exposure to various amounts of interferon
were determined by pulse polarography (Fig. 3C). The
protein data paralleled the RNA data. The highest MT levels
were also detected after induction with 100 U of fnterferon
per ml. At this concentration of interferon, cytoplasmic MT
levels were increased two- to threefold above constitutive
levels.

Time course of interferon induction. Interferon rapidly
induced MT mRNA accumulation in Cd" CHO cells (Fig. 4).
Twenty to forty minutes after interferon treatment, in-
creased concentrations of MT-I and MT-II mRNA were
measurable. However, the accumulation was transient; a
maximal fourfold increase in MT mRNA levels relative to
noninduced cells was obtained 1 h postinduction. In con-
trast, exposure to zinc elevated MT mRNA levels 20-fold
(Fig. 2B). Furthermore, the zinc response was not transient;
maximal MT mRNA concentrations after zinc induction
were detected after 24 to 30 h.

Nuclear runoff assays were performed to ascertain
whether the interferon-induced transient increases in MT
mRNA accumulation resulted from elevated rates of MT
mRNA transcription (Fig. 5). Thirty mihutes after interferon
treatment, the MT mRNA transcription rate was about
threefold higher than in noninduced controls. Subsequently,
the rate of transcription from MT genes decreased. At 4 h
postinduction, MT mRNA transcription had returned to
control levels.
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FIG. 4. Time course of interferon induction of MT-I and MT-II
mRNA accumulation. (A) 458-3 cells were induced for various time
periods with interferon (100 U/ml). Cytoplasmic extracts were
prepared by the cytodot protocol. Equivalent samples of cellular
extracts representing 10 pg of protein were spotted on three
nitrocellulose filters and hybridized to either MT-I, MT-II, or
alpha-tubulin (T) probes as described in the legend to Fig. 3. (B) The
RNA dots shown in pahel A were removed, dissolved in Beta Fluor,
and counted for 10 min. The MT-I ($) and MT-II (@) counts were
normalized to equimolar counts as described in the text.
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FIG. 5. Induction of MT mRNA transcription by interferon. The
rate of MT mRNA transcription was assayed 0, 0.5, 1,2, and 4 h
after induction with interferon (100 U/ml) by nuclear runoff proce-
dures as described in the text. The relative MT mRNA transcription
rate was calculated by the MT/tubulin ratio.

Northern blots of interferon-induced RNA. RNA isolated
from control, interferon-, and zinc-treated cells were com-
pared by Northern blotting procedures (Fig. 6). Results from
the Northern analysis, like those obtained with cytodot
assays, indicated that interferon induced MT mRNA in CHO
Cd" cells. The level of induction of MT genes by interferon
was severalfold lower than the maximal inductive response
to zinc. Interferon induced 9S MT mRNA species which
comigrated with constitutive and zinc-induced MT mRNAs.
No truncated or aberrant MT mRNA was detectable after
interferon exposure.

Reinduction of MT mRNA accumulation by a second expo-
sure to interferon. In human fibroblasts, continuous expo-
sure to interferon can result in the inability of further
interferon treatment to reinduce those genes that are nor-
mally responsive to interferon (21). We examined this de-
sensitization phenomenon in our system. A second dose of
100 U of interferon per ml was applied to cells previously
exposed to the same concentration of interferon for 2, 7, and
15 h. Accumulation of MT mRNA was measured 1 h after
the second treatment by the cytodot protocol. At 2 h after
the initial exposure to interferon, the second interferon
treatment only slightly increased MT mRNA accumulation
(Table 1). However, at 7 and 15 h, added interferon in-
creased MT mRNA concentrations two- to threefold.

Effect of interferon treatment on induction of MT genes by
zinc. Heavy metals such as zinc and cadmium rapidly induce
transcription from MT genes in cultured cells (10, 11, 15, 36).
Since interferon also elicits MT expression, we examined
whether interferon preexposure influences responsiveness to
zinc in Cd" CHO cells. The results (Table 2) suggested that
treatment with interferon did not affect the extent of MT
mRNA accumulation attributable to the subsequent addition
of zinc. Comparison of the differences in hybridization
between cytoplasmic extracts of cells treated with zinc and
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FIG. 6. Northern blot of RNA isolated from interferon- and
zinc-induced 458-3 cells. Ten micrograms of cytoplasmic RNA
extracted from 458-3 cells that were noninduced (lane 0), induced
with interferon (IFN) (100 U/ml) for 2 h (lane 2) or 4 h (lane 4), or
induced for 24 h with 100 uM zinc were denatured with glyoxal and
dimethyl sulfoxide and electrophoresed through a 1.4% agarose gel
in 10 mM NaH,PO, (pH 7.0). The glyoxalated RNA was transferred
immediately to nitrocellulose and hybridized to an MT-II probe
under conditions described in the text. This autoradiogram was
exposed at —70°C for 72 h. The position of 9S mRNA is shown.

interferon and cells challenged only with zinc indicated that
approximately equivalent amounts of MT mRNA were in-
duced by zinc whether or not the cells had been pretreated
with interferon. Exposure to 100 U of interferon per ml for 2,
7, or 15 h apparently did not influence the ability of these
cells to respond to zinc (50 uM). Furthermore, the interferon
and zinc responses were additive. The extent of MT mRNA
accumulation in 458-3 cells induced simultaneously with
interferon and zinc was approximately equal to the aggregate
MT mRNA levels in cells induced separately. 458-3 cells
treated with interferon prior to zinc application also yielded
more MT mRNA than cells treated with either of these
inducers alone.

TABLE 1. Reinduction of MT mRNA accumulation by a second
exposure to interferon®

i Relative
Interferon Relative MT -lative
treatment (h) mRNA levels® h){bndlzatlcon
increase
1 520 + 68
2 497 = 70
2+1 527 = 74 1.06
7 167 + 24
7+1 463 + 26 2.61
15 220 + 39
15 +1 505 + 40 2.30

2 458-3 cells were preexposed to interferon (100 U/ml) for 2, 7, or 15 h
before a second 1-h interferon (100 U/ml) treatment. MT-II RNA accumula-
tion was quantitated 1 h later by the cytodot protocol. Control samples were
exposed to the same interferon concentration for 1, 2, 7, or 15 h prior to being
assayed for MT mRNA accumulation. Each value represents the average of
three replicates.

b Difference between experimental and constitutive hybridization values.

¢ Determined by dividing second-exposure hybridization values by their
corresponding controls.
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DISCUSSION

The antiviral state induced by interferon involves in-
creases in the rate of transcription of several genes. We have
demonstrated in this study with Cd" CHO cells that exposure
to human alpha interferon significantly elevated the concen-
tration of both MT mRNA and MT protein. This induction of
MT genes by interferon probably serves an important phys-
iological role. Elevated MT expression has been shown to
correlate with increases in resistance to radiation damage
and heavy-metal cytotoxicity (2, 3, 14, 16, 18, 19). In
addition, MT seems to be involved in the acute-phase
response which is activated by a variety of stresses, includ-
ing tissue damage (18). Interferons are known to affect many
inflammatory and immunological reactions. Interferon-
mediated macrophage activation and lymphocyte cytotox-
icity enhancement during inflammatory responses result in
the release of oxygen free radicals (17, 30). Since MTs are
effective free-radical scavengers in vitro (32), they may serve
to protect against nonspecific tissue damage resulting from
high free-radical concentrations generated by interferon-
activated macrophages or cytotoxic lymphocytes.

Mammals synthesize two isospecies of MT, MT-I and
MT-II. In the mouse, both isogenes are induced to the same
extent by heavy metals and glucocorticoids (28). In humans,
however, specific isogene expression is tissue specific and
regulated differentially by either of the two classes of induc-
ers mentioned above (27, 33). Recently, Friedman et al. have
demonstrated that the MT-II gene of a human neuroblastoma
cell line is responsive to interferon (12, 13). In our study,
both CHO MT isogenes were shown to be inducible by both
zinc and interferon treatment. Induction with 100 pM zinc
yielded an MT-II/MT-I mRNA ratio of 2.5. At 100 U of
interferon per ml the ratio of MT-II to MT-I mRNA was 1.5.
This result indicates that either these isogenes respond
differently to these inducers or that their rates of RNA decay
are different.

Our study also showed that zinc was more effective than
interferon as an inducer of MT mRNA accumulation in CHO
Cd" cells. Interferon maximally increased MT mRNA levels
by fourfold, while zinc yielded a 20-fold increase in this Cd"
cell line. Interferon induction is probably initiated by its
binding to specific receptors in the plasma membrane (1, 4).
Receptor saturation may thus dictate the maximum tran-
scriptional response and explain the limited elevation of MT
levels observed. Heavy metals can enter cells by passive
diffusion (8). Diffusion events are usually more susceptible
to saturation than receptor-mediated processes. Therefore,
the differential inducibility of MT genes may reflect, in part,
the differential uptake of heavy metals and interferon.

Increased MT mRNA transcription was detectable min-
utes after interferon exposure in this CHO cell line, and
maximum MT mRNA concentrations were achieved in
about 1 h (Fig. 4). Rapid accumulation of other interferon-
induced RNAs has been described previously (7, 12, 21).
The maximum transcription rate of several of these genes
occurs 5 to 30 min after interferon treatment (12, 21).
Although a rapid interferon-mediated response may be ex-
pected, the limited duration of the inductive response re-
mains unexplained, because an elevated response to zinc
persisted for at least 30 h (Fig. 2). Control experiments have
shown that interferon remained active in the medium for at
least 3 h. Thus, the transient interferon-induced response
probably does not result solely from inducer consumption or
instability but may involve other factors, such as receptor

MoL. CELL. BioL.

TABLE 2. Effect of interferon treatment on induction of MT
genes by zinc*

Interferon Subsequent zinc Relative MT Induction due
pretreatment (h) treatment (h) mRNA level® to zinc®
0 0 65 + 30
2 1,218 = 230 1,153
2 0 497 = 70
2 1,696 = 164 1,199
7 0 167 = 24
2 1,950 = 49 1,783
15 0 220 = 39
2 1,590 + 195 1,370

@ 458-3 cells were preexposed to interferon (100 U/ml) for 0, 2, 7, or 15 h
before treatment with 50 uM zinc. MT mRNA accumulation was quantitated
2 h later by the cytodot protocol. Interferon control samples were exposed to
interferon (100 U/ml) for 2. 7, or 15 h prior to being assayed for MT mRNA
accumulation.

b Difference between experimental and constitutive hybridization values.
Simultaneous treatment with interferon (100 U/ml) and zinc (50 pM) for 2 h
yielded relative MT mRNA 1,813 * 20, a net gain over interferon treatment
alone of 1,316. Each value represents the average of three replicates *
standard deviation.

¢ Difference between samples with zinc added and their corresponding
interferon controls.

saturation or interferon-inducible negative regulatory mole-
cules.

The half-life of zinc-induced MT mRNA is about 12 h in
CHO cells (unpublished results). Given the stability of MT
mRNA, the significantly decreased accumulation only hours
after treatment suggests that interferon-induced posttran-
scriptional events may reduce accumulation by increasing
RNA turnover. However, preexposure to interferon did not
affect the transcriptional response to zinc. If interferon
affects zinc-induced MT mRNA stability, a decreased accu-
mulation of MT mRNA at 2 h would be expected. Treatment
with zinc generated equivalent amounts of MT mRNA
whether or not the cells had been preexposed to interferon
(Table 2). Apparently, exposure to interferon does not affect
the extent of zinc-induced MT mRNA accumulation in 458-3
cells.

The additive induction response to zinc at saturating
interferon concentrations (Table 2) argues that interferon
and zinc are independently activating the transcription of
MT genes by different inductive mechanisms. This is ex-
pected, since multiple inducer-responsive sequences exist in
the regulatory region of MT genes (5, 20, 33). The differential
responses of MT genes to widely varying inducing agents
suggests pleiotropic functions for MT. While MT is almost
certainly involved in metal homeostasis, it may play a larger
role in general defense mechanisms important in cellular
responses to environmental stress. Further studies charac-
terizing MT gene structure, MT gene expression, and the
properties of the MT protein will be required to completely
elucidate the biochemical roles for MT.
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